Around 40% of electricity in Chile is supplied by renewables and the rest by fossil fuels. Despite the growing electricity demand in the country, its environmental impacts are as yet unknown. To address this gap, the current study presents the first comprehensive assessment of the life cycle environmental sustainability of electricity generation in Chile. Both the individual sources and the electricity mix over the past 10 years are considered. The following sources present in the electricity mix are evaluated: coal, oil, natural gas, biogas, biomass, wind, solar photovoltaics (PV) and hydropower. In total, 10 electricity technologies and 174 power plants installed across the country have been considered. Eleven environmental impacts have been estimated, including global warming, human toxicity, ecotoxicities, as well as resource and ozone layer depletion. The results reveal that hydropower is environmentally the most sustainable option across the impacts, followed by onshore wind and biogas. Electricity from natural gas has 10%-84% lower impacts than biomass for seven categories. It is also 13%-98% better than solar PV for six impacts and 17%-66% than wind for four categories. Solar PV has the highest abiotic depletion potential due to the use of scarce elements in the manufacture of panels. While electricity generation has grown by 44% in the past 10 years, all the impacts except ozone layer depletion have increased by 1.6-2.7 times. In the short term, environmental regulations should be tightened to improve the emissions control from coal and biomass plants. In the medium term, the contribution of renewables should be ramped up, primarily increasing the hydro, wind and biogas capacity. Coal and oil should be phased out, using natural gas as a transitional fuel to help the stability of the grid with the increasing contribution of intermittent renewables.
Introduction
From the 1970s to the '90s, the electricity mix in Chile was mainly shaped by hydropower, with a lower contribution from fossil fuel power plants (Figure 1 ). However, high electricity demand, public objections to new hydropower projects, hydrological variability and the lack of planning in the sector have resulted in the current electricity mix being dominated by fossil fuels [1] . In 2014, 174 power plants were in operation in Chile, with fossil fuel technologies contributing 60% to the total electricity supply, hydropower 34% and other renewable options 6% (Table 1) [2] . Electricity from coal is generated using pulverised coal which provides 41% of total electricity. For gas and oil, both combined and open cycle plants are used (16.6% and 1.2% of the total generation, respectively). Oil power is generated by diesel engines, which contribute only 0.5% to the total due to their high costs [3] . Biomass electricity is mainly supplied by combined heat and power (CHP) plants (3.5% of the total), with the majority produced by the pulp and paper industry. Hydroelectricity is produced using reservoirs and run-of-river systems, with contributions of 19% and 15%, respectively. Finally, solar photovoltaics (PV) and wind contribute only 0.7% and 2% to the generation mix. The electricity sector in Chile faces many challenges. Electricity generation is the main contributor to greenhouse gas (GHG) emissions in the country [4] . Energy security is low due to a lack of indigenous fossil fuels [5] and the high cost of electricity has hampered economic growth [6] . The electricity sector also contributes the most to social and environmental conflicts (37%) in the country [7] . Even though hydropower has a significant generation potential (Table 2 ) and is the most economical option with low environmental impacts, its development has been slow. This is due to its effects on land use, related social implications and public opposition which have discouraged investment in this technology [8] . These problems suggest the need for identifying sustainable electricity options to help improve the sustainability of the sector in the country.
The Chilean government has started stimulating the diversification of electricity supply with the deployment of renewable and low-carbon technologies, while at the same time trying to reduce electricity prices [1] . Owing to its geographical characteristics and variety of climates, Chile has abundant renewable resources, such as solar, wind, geothermal, hydro and biomass [9, 10] . As Coal Oil Gas Hydropower Renewables illustrated in Table 2 , the solar power potential is outstanding, with an estimated 100-548 GW for concentrating solar power (CSP) and more than 1,263 GW for solar photovoltaics (PV). This huge potential is due to the vast areas with the highest solar irradiation in the world, with capacity factors of up to 40% for solar PV systems [11] . Similarly, wind power potential is also significant, with estimated values of 37-40 GW and a capacity factor of 34% [11] . Geothermal, hydro and biomass potentials are also significant, with an average of 15 GW each. In an attempt to improve the sustainability of the national electricity supply, the Chilean government defined environmental, economic and social actions for the sector in its Energy Policy 2050 [1, 12, 13] . In spite of that, there are still no comprehensive studies in Chile of the sustainability of the current electricity system. This paper aims to address this gap by establishing a baseline for the environmental sustainability of electricity supply in Chile, to assist the government and the industry in identifying the hotspots and how to address them. Life cycle assessment (LCA) has been used for these purposes, to enable consideration of whole electricity supply chains.
LCA has been used previously to study the environmental impacts of electricity generation in other countries, but there is no comprehensive LCA study for Chile. Examples of studies elsewhere including Mexico [14] , Nigeria [15] , Turkey [16] , United Kingdom [17] , Portugal [18] and Brazil [19] . Several LCA databases (e.g. CCaLC [20] , Ecoinvent [21] and Gabi [22] ) also provide life cycle inventories (LCI) for electricity systems in different countries. However, only the Ecoinvent database [23] has recently included the LCI of electricity generation in Chile. These data have been developed from European LCI datasets, simply accounting for the Chilean electricity mix. This is inadequate as it fails to consider country-specific parameters, such as power plant efficiencies, capacity factors, types of technology, heating values of fuels, actual emissions from power plants, end-of-life waste management, etc. This study considers all of these parameters (around 140), for all 174 plants. In addition, it also follows the temporal evolution of the impacts over the period of 10 years (2004-2014) . The impacts are estimated for each technology present in the Chilean electricity mix to allow their comparison and identification of hotspots. This is followed by the evaluation of the environmental sustainability of the electricity mix, both for the current situation and over the past decade. The results are used to make suggestions for improving the environmental sustainability of electricity supply in Chile. As far as we know, this is the first such study of the life cycle environmental sustainability of electricity in Chile.
Methods
The environmental sustainability of the electricity mix has been assessed using attributional LCA and following the ISO 14040 [24] and ISO 14044 [25] standards. The goal and scope of the study are defined below, with the inventory data detailed in section 2.2 and the impact assessment method in section 2.3.
2.1.
Goal and scope definition The main goals of the study are: i. to estimate and compare the environmental impacts of electricity sources and technologies currently present in the electricity mix; ii. to estimate the impacts of the current electricity mix; iii. to map the temporal evolution of impacts from electricity over the past 10 years; and iv. to identify environmental hotspots and make recommendations for future improvements.
Consequently, the following functional units have been considered:  1 kWh of electricity generated by each source and technology (study goals i and iv);  1 kWh of electricity generated by the Chilean electricity mix (goals ii-iv); and  annual electricity generation over the past 10 years (goal iii).
The scope of the study is from 'cradle to gate' as shown in Figure 2 . The following life cycle stages have been considered for each source and technology: fuel production, transport and processing (where relevant), power plant construction, operation and decommissioning. Transmission, distribution and use of electricity are excluded as the focus is on electricity generation.
As indicated in Table 1 , the following electricity technologies have been considered: pulverised coal, open and combined cycle turbines (oil and gas), diesel engine (oil), gas engine (biogas), CHP (biomass), reservoir and run-of-river (hydropower), onshore wind and multi-crystalline solar PV.
2.2.
Inventory data All 174 plants connected to the two major electric interconnected systems in Chile -Central Interconnected System (SIC) and Interconnected System of Norte Grande (SING) -have been considered. These plants generate 98% of the total electricity supply in the country. Primary data have been collected from the National Energy Commission (CNE) [2] 
Fossil fuels
An overview of the inventory data and assumptions for electricity from fossil fuels can be found in Table 3-Table 5 . Hourly data for air emissions have been considered for each power plant, sourced from the Chilean Department for the Environment [27] . As mentioned earlier, fossil-based electricity supplies 60% of electricity in Chile, 68% of which is from coal (41% of the whole electricity mix). There are 18 coal power plants in operation, most of which use hard coal; the exception are two installations that are partially fed with petroleum coke (petcoke). Two types of technologies are used for coal power generation: pulverised coal (PC) and circulating fluidised bed (CFB). However, only 8% of the coal power installed capacity is CFB. Therefore, for both simplicity and lack of data on CFB, only PC has been considered, assuming that it supplies 100% of electricity from coal. As shown in Table 5 and Table 4 , natural gas and oil are used in combined and open cycle plants. The installed capacity of combined cycle (CC) power plants is 3,345 MW e . In 2014, 83% of the electricity was produced from natural gas and 17% from diesel. There are 31 plants with open cycle (OC) gas turbines and a total installed capacity of 2,085 MW e . They generated 820 GWh of electricity in 2014, of which 443 GWh (54%) was from natural gas and 377 GWh (46%) from oil. Finally, there are 35 diesel engine power plants that supplied 366 GWh of electricity in the same year. All natural gas is shipped in liquefied form and regasified in Chile. (Table 6 and Table S1 in the Supporting Information (SI)). They contributed only 0.4% to the total electricity supply in 2014 (Table 1 ). The majority (83%) of biogas electricity is produced by two landfills located in Santiago de Chile: Loma Los Colorados and Santa Marta. A further 15% is produced by anaerobic digestion of sewage sludge from the wastewater treatment plant of El Tebal and the remaining 3% is from manure and organic waste. Biogas engine is the main technology used for co-generation of electricity and heat [28, 29] . The latter is used for heating the anaerobic digesters but it is not utilised in landfill biogas generation.
Electricity from manure and organic waste is not considered due to the low contribution (3%) and a lack of specific data. Furthermore, production of biogas in landfills is assumed 'burden free' as it is produced from landfilled waste through its natural decomposition. Therefore, only the burdens associated with the production of biogas by anaerobic digestion of sewage sludge are considered for the biogas mix. Exergy allocation has been applied between electricity and heat, assigning 60% of the burdens to the former [30] . The emissions of NO x and SO 2 from biogas production have been sourced from the GEMIS database [31] . The infrastructure-related impacts of the biogas plants have been taken into account but had to be scaled up (see section 2.2.3) because the size of the cogeneration plant in Ecoinvent (160 kW e ) is lower than the average plant in Chile (1 MW e ). Table  1 ). The majority of this (79%) is produced by the pulp and paper industry and the rest by energy companies. The pulp and paper industry generates electricity from industrial wood residues (73%) and black liquor (27%). The energy companies also use industrial wood residues (60%) as well as agricultural crop residues (40%) [32] . Electricity is co-generated with heat in a CHP plant. The former is supplied to the central interconnected system (SIC) and the heat is used for the wood drying process in the pulp and paper industry and wood-using energy companies. There is only one plant that uses agricultural crop residues (cereal straw and husks) and releases the heat without using it.
For the modelling of biomass electricity, it has been assumed that all the feedstock comes from industrial wood residues and agricultural crop residues (Table 6 and Table S1 in the SI). The black liquor has been omitted due to its low contribution to the total electricity generation (<1%) and a lack of data. No environmental burdens have been considered for agricultural residues as they have no economic value and are normally burned at the farm. However, industrial wood residues have an economic value. Hence, their impacts have been estimated using economic allocation, based on their contribution of 15% to the total revenue from wood products [33, 34] . Exergy allocation has been used to allocate the impacts between the electricity (77%) and heat [30] .
A distance of 50 km has been assumed for the cereal straw and husks and 20 km for the wood residues. Emissions from the CHP plants have been estimated using GEMIS (Table S3 ).
There are no offshore wind installations in Chile. Most of the wind farms have 2 MW e turbines (Table 7) . Inventory data for this size of turbine have been obtained from Kouloumpis et al. [35] , based on a Vestas design. This type has been selected because 59% of the 407 wind turbines in Chile are Vestas. A capacity factor of 27% has been considered.
The 19 solar PV plants in Chile have a total installed capacity of 401 MW e and an average capacity factor of 24% ( Table 7 ). The majority of solar electricity in the country is provided by groundmounted mono-and multi-crystalline PV (83%), with the balance supplied by thin-film technologies [36] [37] [38] . For modelling purposes, it has been assumed that all the solar electricity is generated by multi-crystalline PV due to a lack of data for thin-film and mono-crystalline panels.
The average lifespan of solar panels has been assumed at 30 years and the annual degradation rate 0.7% [39-41].
Hydroelectricity
Ten reservoirs and 95 run-of-river power plants are in use in Chile (Table S2 in the SI), with a total capacity of 3,726 MW e and 2,722 MW e respectively ( Table 7 ). All the hydropower plants are located between the Valparaiso and Los Lagos regions, in the Andes mountains range, an area with a dry temperate climate [5] . The hydroelectricity system has been modelled considering construction, operation and decommissioning of the plants. Emissions of methane have been considered for the reservoir technology, arising from organic matter in the water body and anaerobic activity over the lifespan of the reservoir [42] . Many factors influence the production of methane in reservoirs, such as water depth, climate, flooded vegetation, organic load of tributaries and reservoir dimensions. As specific data were not available for these emissions, the Ecoinvent data for the Alpine-region reservoirs have been used instead, considering that this region has similar geographic and climate conditions to Chile. Methane emissions of 14 mg CH 4 /kWh have thus been assumed. No emissions have been considered for run-of-river due to the low residence time of the water. For the reservoir plants, the impacts from construction correspond to the Ecoinvent data for a plant of 95 MW e , and for the run-of-river, for an 8.6 MW e plant [43] . In Chile, the average size of the former is 373 MW e and the latter 29 MW e ; therefore, the data in Ecoinvent have been scaled up (section 2.2.3). 
Infrastructure
As mentioned earlier, some of the power plants in Ecoinvent had either larger or smaller capacities than those installed in Chile. Therefore, it has been necessary to scale their impacts accordingly. This has been done for hydropower, biogas, and biomass power plants and for the regasification plant for natural gas. In LCA, the environmental impacts are normally scaled linearly with respect to the size of infrastructure. However, due to the economies of scale, this relationship is likely to be non-linear. Therefore, the "economies of scale" method, typically used for scaling the capital costs of process plants, has been applied. This is based on the approach in Sinnott [44] , adapted for use in LCA [45] :
where: environmental impacts of the actual infrastructure environmental impacts of reference infrastructure size or dimensions of the actual infrastructure size or dimensions of reference infrastructure 0.6 the economy of scale factor.
End-of-life waste management
Copper, aluminium and reinforcing and stainless steel have been assumed to be recycled after the decommissioning of power plants. The system has been credited for this using the "avoided burdens (net scrap)" approach [46] [47] [48] [49] [50] . This takes into account the recycled content of metals in the construction and their recycling rates at the end of life. If the recycled content is lower than the recycling rate, a credit is given to the system; otherwise, no credits are included. The recycled content for different metals has been assumed as follows: aluminium 32%, copper 18% and steel 37% [51] . Data for recycling of structural metals in Chile have not been available so a recycling rate of 50% has been assumed, with the rest landfilled.
Only 1% of the ash from coal plants is recycled in cement factories due to the large deposits of pozzolans and lime; hence, its recycling is not considered in the study.
Temporal evolution of impacts
The temporal evolution of the impacts from electricity generation in Chile focuses on the years 2004, 2009 and 2014. These years have been chosen as they are representative of changes in the electricity mix over the period. The impacts have been estimated using the data in Figure 1 and Table 8 . As can be seen, the share of hydropower has declined by 10% over the period, from 43% in 2004 to 33.7% in 2014. Natural gas followed a more drastic trend, reducing its contribution from 36% in 2004 to 9% in 2009, before going up to 14% in 2014. The share of coal, on the other hand, has been increasing and it is now the main contributor in the mix, having surpassed hydropower. Oil has a low contribution now, but between 2007 and 2010 it peaked at 18%, caused by the steady increase in electricity demand and the shutdown of gas power plants due to a disruption in gas supply.
Each year has been modelled taking into account the values of different parameters, such as the electricity and fuel mixes, capacity factors, heating values, etc. The detailed life cycle inventory for each year can be found in Tables S4-S6 in the SI. 
2.3.
Environmental impact assessment GaBi v7.0 software [22] has been used to model the system. The latest version of CML 2001 (April 2016) impact assessment method [46] has been applied to determine the environmental impacts. This methodology considers the following 11 environmental impacts all of which have been estimated: global warming potential (GWP), human toxicity potential (HTP), abiotic depletion potential of elements (ADP), abiotic depletion potential of fossil resources (ADP fossil ), acidification potential (AP), eutrophication potential (EP), ozone layer depletion potential (ODP), photochemical oxidants creation potential (POCP), freshwater aquatic ecotoxicity potential (FAETP), marine aquatic ecotoxicity potential (MAETP) and terrestrial ecotoxicity potential (TETP).
Results and discussion

3.1.
Environmental impacts of technologies Life cycle environmental impacts of the technologies are summarised and compared using a heat map in Table 9 . As can be seen, coal is environmentally the least sustainable option for eight of the impacts while hydropower is the best option for all the categories, followed by biogas and wind. The most impacting life cycle stages are fuel production and power plant operation, each contributing on average 40% to the total impacts of fossil, biogas and biomass options (Figure 3 ). For the rest of the renewable technologies, power plant construction represents the most significant stage with an average contribution of around 90%. Each impact category is analysed in detail in the following sections. 
Global warming potential (GWP)
Run-of-river and reservoir hydropower plants, along with wind electricity, have the lowest GWP (<8 g CO 2 eq./kWh). By contrast, the impact of coal power is around 130 times higher (1,039 g). Oil power has a GWP similar to coal (836-988 g CO 2 eq./kWh) because open cycle power plants have low efficiency (31% on average). Among the fossil-based options, natural gas in combined cycle plants generates electricity with the lowest GWP (632 g CO 2 eq./kWh) due to a higher efficiency (47%). Even so, it still has 13 times higher emissions than biomass (50 g CO 2 eq./kWh), the worst renewable option for this impact. The latter, along with solar PV, has a four times higher impact than hydropower and wind.
For fossil-fuel power plants, their operation contributes more than 76% to the GWP due to the emissions associated with the burning of fuels. In the case of renewable options, two groups can be distinguished. The first group comprises biomass and biogas, where the impact is mainly due to fuel production (62% for biogas and 79% for biomass) and power plant operation (33% for biogas and 15% for biomass). CO 2 is the main GHG as a result of fossil fuel used in machinery and because of fugitive emissions of CH 4 during the anaerobic digestion and storage of sewage sludge for biogas production [53, 54] . In the operation stage, N 2 O is the main GHG emitted during the combustion in power plants for both biogas and biomass power options.
The second group consists of hydropower, wind and solar PV where the contribution to GWP is mainly associated with the construction stage, with CO 2 being the main GHG. Cement and steel production, along with diesel used in the construction machinery, are the main contributing processes for hydropower plants. The same processes, plus the use of glass fibre in wind turbines, contribute to GWP of wind electricity. Additionally, the production of crystals and wafers is the main contributor to the impact in the manufacture of solar PV panels. Recycling reduces the GWP across the technologies to a small degree. Only solar PV shows a slightly higher reduction in GWP (5%) due to the system credits for the avoidance of virgin aluminium production.
Human toxicity potential (HTP)
Coal power has the highest HTP among all the technologies evaluated (394 g DCB eq./kWh), followed by open cycle oil plants and biomass (126 and 120 g, respectively). Among the fossil fuel technologies, natural gas in combined cycle plants is the best option for this impact (46 g DCB eq./kWh). It is even better than renewable technologies, such as solar PV and biomass (53 and 120 g DCB eq./kWh, respectively). Both types of hydropower technologies have the lowest HTP (<3 g DCB eq./kWh). The next best source of electricity is wind (25 g DCB eq./kWh).
Power plant operation and fuel production are the two main contributing stages for fossil fuel technologies with contributions of 14%-76% and 6%-79%, respectively. Coal emits hydrogen fluoride into the atmosphere during combustion and vanadium is emitted to water bodies due to the disposal of ashes. Both the combustion and ash disposal cause 34% of HTP associated with coal electricity. The release of selenium related to the overburden in mines in fuel production contributes 19% to the total. Other combustion options, such as biomass and open and combined cycle oil power plants, generate significant air emissions of polycyclic aromatic hydrocarbon (PAH) as a result of incomplete combustion which is in turn due to lower flame temperatures and an inadequate C/O ratio [55] . Biomass has the highest emissions of PAH, followed by open cycle oil power plants, with contributions to HTP equivalent to 67 and 35 g DCB eq./kWh, respectively. In the case of solar PV, wind and hydropower, the construction stage is the principal contributor, mainly due to the release of chromium (+VI) in the stainless steel production process. Additionally, PV panel production emits selenium, vanadium and thallium.
End-of-life recycling reduces HTP significantly, mostly for the renewable options with the exception of biomass. Solar PV has the highest reduction (18%) while for the rest of renewable technologies the reduction ranges between 6%-11%. Oil power from diesel engines is the only fossil fuel option that has a reduction in HTP greater than 5%. Diesel engine, biogas and wind options benefit from the credits for copper recycling. The credits for hydropower options are related to alloyed steel recycling. For solar PV, the main credits come from the recycling of aluminium used for frames, mounting structures and inverters.
Abiotic depletion potential of elements (ADP)
Solar PV has the highest depletion of elements (1,165 µg Sb eq./kWh). This is six times greater than the second largest impact -power from oil in diesel engines (191 µg) -and about 190 times larger than the least impactful technology, hydropower (5-6 µg). The three oil power technologies have the largest ADP (121-191 µg Sb eq./kWh) among the fossil fuel alternatives, with values four times higher than coal (33 µg) and natural gas power (27-47 µg). Wind also has an ADP higher than coal and natural gas (81 µg Sb eq./kWh,). Natural gas, biogas and biomass have the lowest ADP, ranging from 27 to 36 µg Sb eq./kWh.
Fuel production and construction are the main contributing stages for fossil fuel options (48%-77%), biogas (93%) and biomass (78%). Construction is the main hotspot for solar PV, wind and hydropower, with a contribution of 85%. The influence of the construction stage is correlated with the capacity factors and lifespan: its influence is lower for technologies with high capacity factors and long lifespans, like hydropower, coal, biogas and natural gas.
Copper is the main element depleted by the construction of coal, gas, oil, biogas and wind installations. For solar PV, gold and silver, used for electronic parts, are the main hotspots. As aluminium is an abundant element, its recycling has negligible positive effect on the ADP of solar PV. On the other hand, recycling of metals from coal, natural gas, wind and hydropower plants reduces their impact by 5-10%.
Abiotic depletion potential of fossil fuels (ADP fossil )
Fossil-based technologies have ADP fossil values ranging from 8,713 kJ/kWh (gas combined cycle) to 14,454 kJ/kWh (gas open cycle). For the renewable options, the impact varies from 17 kJ/kWh (run-of-river hydropower) to 595 kJ/kWh (biomass). Biomass, biogas and solar PV have the highest ADP fossil among the renewables (312-595 kJ/kWh) but this is still only 5% of the average impact of the fossil fuel options (11,164 kJ/kWh).
The extraction of fuel is the main contributor (90%) for the fossil fuel options. For the renewables, ADP fossil is mainly caused by the consumption of fossil fuel for the production of construction materials, such as cement and metals, and for the use of machinery associated with soil movement in the case of hydropower plants and with logging for biomass. Hence, this impact is mainly associated with the construction stage (85%) for wind, solar and hydropower options, while for biogas and biomass, extraction of fuel is the most significant process (90%).
Acidification potential (AP)
Open cycle oil and coal power are the options with the highest AP: 8,783 and 6,070 mg SO 2 eq./kWh, respectively. This is due to SO 2 emissions from fuel combustion. Among the renewables, biomass is the worst option for this impact (776 mg SO 2 eq./kWh) because of NO x emissions generated in low-temperature flames. Electricity from biomass has higher impact than natural gas (473-682 mg SO 2 eq./kWh). Solar PV also has a high AP compared to the remaining renewables (254 mg SO 2 eq./kWh). Still, it is about half the lowest impact from natural gas but about eight times greater than the values for hydropower (6-8 mg SO 2 eq./kWh) and wind (33 mg), the best options for this category.
Plant operation is the most significant life cycle stage, with an average contribution of 72% for fossil fuel options, 84% for biogas and 69% for biomass. As mentioned earlier, this is due to the emissions of SO 2 and NOx. These are also generated during the production and construction of solar PV, wind and hydropower plants. The main processes causing the AP of solar PV are the use of solar-grade silicon for manufacture of wafers, aluminium alloy and copper for construction and mounting of panels, solar glass for solar cells and electricity for manufacturing of panels. For wind and hydropower options, the production of copper and steel, together with the fabrication of glass fibres for wind turbines, are the most contributing processes. An average of 86% of this impact is attributed to the construction of these plants.
Eutrophication potential (EP)
Coal power has the highest EP (1,913 mg PO 4 3-eq./kWh), followed by the oil technologies. Regarding the latter, the EP of diesel engines (1,546 mg PO 4 3-eq./kWh) is nearly double the impact from the combined and open cycle plants (666 and 818 mg PO 4 3-eq./kWh, respectively). Electricity from biomass has the highest EP (218 mg PO 4 3-eq./kWh) among the renewables and even greater than the natural gas options (149-193 mg). Solar PV is the second worst renewable alternative with 104 mg PO 4 3-eq./kWh. Hydropower and wind are again the best options (3 and 21 mg PO 4 3-eq./kWh, respectively).
Coal extraction (84%) and power plant operation (12%) are the main hotspots for coal power. Phosphate, released during the extraction of coal, is the main burden followed by NO x emitted during coal combustion. The plant operation causes around 50% of the EP for the oil, biomass and natural gas options, also related to NO x emissions from fuel combustion. Construction is the main contributing stage for hydropower, wind and solar PV. The copper content in PV panels and inventers, together with electricity consumption for panels manufacture, cause most of the EP of this technology. This is specifically due to phosphate emissions from copper refineries and coal in the electricity mix of countries where solar PV is produced, such as China.
Ozone depletion potential (ODP)
The oil technologies have the highest ODP (101-129 µg R11 eq./kWh). The next worst option is coal power, but its impact is seven times lower (15 µg R11 eq./kWh). Solar PV has the highest ODP among the renewables, followed by biomass power (6.3 and 5.4 µg R11 eq./kWh, respectively). The natural gas options have lower impact (0.9-1.4 µg R11 eq./kWh) than biogas, biomass and solar PV (2.9-6.3 µg). The reason for this is that natural gas is shipped in liquefied form, avoiding long-distance pipelines that use ozone-depleting fire suppressants. The hydropower options have the lowest impact (0.1-0.2 µg R11 eq./kWh), followed by wind (0.5 µg).
The main contributing stage for the fossil-based technologies is fuel production (73%). The extraction and processing of crude oil produces significant amounts of ozone-depleting substances [56] . As mentioned in section 2.2.1, there are two coal power plants that also use petcoke as a secondary fuel. This increases the ODP of coal power due to the petcoke-related burdens from the combustion of heavy fuel oil in the refinery's furnace. Solar PV panel production releases chlorodifluoromethane (HCFC-22) emissions that contribute to ODP. These gases are intermediate compounds for the production of fluorocarbon film used for solar-glass coating [57] . Hence, construction is the main contributing stage for solar PV (98%). Halon 1301 is emitted in the life cycle of biomass power, mainly associated with combustion of diesel in machinery during logging and wood transport to sawmills. As a result, the fuel production stage causes 89% of the impact.
It should be noted, however, that the estimates of ODP have a margin of uncertainty due to the Montreal Protocol which has led to a reduction in use of ozone-depleting substances in many regions and sectors [58] .
Photochemical oxidants creation potential (POCP)
Power from diesel engines is the worst option for POCP (779 mg C 2 H 4 eq./kWh), followed by open cycle oil plants (462 mg) and biomass (424 mg). The last has a 40% higher impact than coal (297 mg C 2 H 4 eq./kWh) and around five times greater than gas (75-87 mg). Solar PV and biogas are the least preferred renewable options for this category (22 and 34 mg C 2 H 4 eq./kWh, respectively). Hydropower and wind have the lowest POCP (07-0.9 and 3.6 mg C 2 H 4 eq./kWh).
Power plant operation is the main contributor to the impact from coal (76%), oil (60%-84%) and biogas (84%) power due to the emissions of SO 2 , NO x , CO and non-methane volatile organic compounds (NMVOC). Fuel production is the key hotspot (90%) for biomass electricity, related to NMVOC emissions from the logging machinery and transport to sawmills. For solar PV, wind and hydropower, the construction stage causes 83% of POCP. Like the AP, the POCP of solar PV is largely due to the use of materials (solar grade silicon, aluminium alloy and copper) and electricity for the manufacturing of panels.
Freshwater, marine and terrestrial ecotoxicity potentials (FAETP, MAETP and TETP)
Coal has the highest ecotoxicity potentials, at least double the impacts of the next closest option, oil power from diesel engines. Solar PV is the worst renewable technology for FAETP and MAETP, while biomass has the largest TETP. Open cycle natural gas, together with wind power, have FAETP and MAETP twice as high as the combined cycle natural gas, biogas and biomass (see Table 9 ). Hydropower is the best performing option across the three impacts.
For coal, plant operation is the main contributor to MAETP (76%) and TETP (84%), and fuel production to FAETP (82%). For the other fossil fuel options, fuel production, fuel transport and plant construction are significant contributing stages for the three impacts. Additionally, fuel processing is important for TETP and landfill disposal for FAETP.
The main burdens causing FAETP of coal power are nickel, beryllium, cobalt and vanadium emitted to water during coal extraction. For oil power from diesel engines, leaching of copper from landfills to water bodies is the main contributor to FAETP. In the case of solar PV, the vast majority of FAETP (97%) is related to the release of beryllium, cobalt, copper and vanadium to water during the production of photovoltaic cells and inverters.
For MAETP, plant operation is the most significant contributor for coal power mainly due to the hydrogen fluoride emission during combustion. The impact from diesel engines and solar PV is associated with hydrogen fluoride and beryllium emissions from crude oil refining and the production of components for solar PV systems.
Mercury emissions from combustion are the main burden for TETP of coal and oil power. For the latter as well as for solar PV, TETP is caused by chromium, vanadium and mercury generated in the production of steel.
Comparison of results with literature
As shown in Figure 4 , most of the impacts of fossil fuel options estimated in this work are within the ranges found in the literature, with some exceptions. This includes ADP for coal (33 µg Sb eq./kWh) which is slightly below the lowest literature value (36 µg Sb eq.); see Figure 4a . This impact is associated mostly with the infrastructure and in Chile, coal power plants have high capacity factors (81%) and good efficiency (38%-41%) as most of the installations are new and the coal has a high heating value (25.8 MJ/kg). All these factors imply a lower requirement of resources for coal production and transport per kWh. Furthermore, the ODP for coal (15 µg R11 eq.) is above the maximum value in the range (11 µg R11 eq.). The use of petcoke as a secondary fuel in coal power plants explains this difference.
For the three oil technologies, TETP is below the range, while MAETP and HTP are within the lower range of the literature values (Figure 4b ). These impacts are mainly associated with the release of heavy metals and toxic compounds, mostly in oil production (ecotoxicities), and from combustion in power plants (HTP). Heavy fuel oil is the main fuel considered in the literature for oil power [56] . In Chile, oil power plants are fed by diesel instead of heavy fuel oil. Because oil (diesel) used in Chile has a higher calorific value (45.6 MJ/kg) than heavy fuel oil (41.1 MJ/kg), the consumption of fuel is lower, leading to lower ecotoxicities. The lower HTP is justified because the combustion of heavy fuel oil produces higher emissions of PAH, nickel and vanadium than the combustion of diesel [56] .
EP is the only impact for diesel-engine power with a value (1546 mg PO 4 -3 eq./kWh) above the literature range (1460 mg). According to the literature, the average efficiency of oil technologies is 38% [56] , somewhat higher than the average efficiency in Chile (36%). As indicated in section 3.1.6, operation is a significant stage for oil electricity; therefore, a lower efficiency leads to a higher impact than in the literature. It can be noted that even though open cycle plants have a lower efficiency (34%) than diesel engines, their EP is within the literature range. This is due to NO x emissions (265 mg/MJ) being 68% lower than from diesel engines (829 mg NO x /MJ).
As can be seen in Figure 4c , both natural gas technologies have ODP (0.9-1.4 µg R11 eq.) significantly below the minimum value reported in the literature (12.7 µg R11 eq.). This is because the natural gas is liquefied and shipped, avoiding the use of long-distance pipelines that are associated with significant emissions of ozone-depleting substances, as mentioned in section 3.1.7.
The impacts of renewable technologies in the current study fall within the lower range of the literature values, and for some categories, below the range. For example, biogas power has lower values for GWP, HTP, ADP, AP and POCP; for the rest of the impacts, the values are in the lower part of the range (Figure 4d ). According to the countries analysed in the literature, the biogas mix is made up of 52% biogas from anaerobic digestion of biowaste and 48% sewage sludge. However, in Chile, 85% of biogas comes from landfills and the rest from digestion of sewage sludge. As landfill gas is assumed to be burden free, the impacts of biogas electricity in the current study are 44%-88% lower than those reported in the literature.
The ADP and ecotoxicity impacts from biomass power are below the literature values, while POCP and ODP are above the range. In the literature [54, 59] , biomass power is mainly generated using softwood (72%), such as cereal straw, husks and sawdust. Furthermore, the capacity factor is 23% and ashes are disposed both in landfills and spread on farmland. However, in Chile, 90% of biomass comes from industrial wood residues, the capacity factor is 63% and the ash is only landfilled. The higher ODP and POCP values are justified because the industrial wood residues have a higher economic value in Chile and, therefore, the impacts allocated to the residues are higher (15%) than in the literature (3%-5%) [33, 34] . The low ADP value is associated with the higher capacity factor in Chile. The lower FAETP and MAETP impacts are due to both the greater contribution of industrial wood residues (minimal use of softwood) and the higher capacity factor. The lower TETP in this study is due to the absence of farmland spreading as a way of using the ashes. According to the literature, chromium is the main element released to agricultural soil due to the use of ashes on land and represents about 86% of TETP for electricity from biomass [59, 60] . Solar PV has the largest ADP in comparison with all the technologies in Chile (1,165 µg Sb eq./kWh); however, the impact still falls below the minimum literature value (1,800 µg). This is due to the location of the PV and the difference in solar irradiation. The location of most solar PV systems in the Chile is in the Atacama Desert, an area with one of the highest solar radiation in the world, leading to an unusually high capacity factor (>24%). These conditions are more favourable than those in the literature and explain the lower ADP per kWh, and also a lower value for the rest of the impacts compared with the literature ranges. Similar applies to wind power, for which most impacts are below the range. This is due to the much higher capacity factor in Chile (27%) than in the literature (8.6%-15%) [17, 57] . In the case of hydropower, Chile has also higher capacity factors for the reservoirs (43%) and run-of-river plants (60%) than those in the literature (24% and 52%, respectively) [43] . This, together with the recycling rates and the scaling of the infrastructure, explains the lower impacts from Chile's hydropower than the values reported in the literature.
Environmental impacts of current electricity mix
The impacts of the electricity mix in Chile are presented in Figure 5 . These have been estimated based on the contribution of different technologies to the total generation and their impacts discussed in the previous sections. For example, the GWP is estimated at 560 g CO 2 eq./kWh, with the majority related to coal. A similar trend can be noticed for all other impacts, for which coal is the hotspot. Its average contribution to the impacts is 79%, with contributions of >88% for HTP, AP, EP and ecotoxicities. ADP is the only impact where the contribution from coal (38%) is lower than its share in the electricity mix (41%).
The second highest contributor to the impacts is oil power, with an average of 8%, while its share in the electricity mix is only 4%. Oil has the highest contribution to ODP (39%) and ADP (15%). Natural gas also contributes to GWP (17%) and ADP fossil (21%), higher than its share in the generation mix (14%).
Although solar power contributes to the electricity mix by less than 1%, its contribution to ADP is 23%. However, for the rest of the impacts, solar power has a lower contribution than its share in the mix. On the other hand, hydropower is the second major source of electricity (34%), but its average contribution to the impacts is below 1%. The contribution of biomass, wind and solar PV to the impacts is also far below their contribution to electricity generation. 
Comparison of results with literature
The impacts of the electricity mix in Chile are compared in Figure 6 with the impacts reported in the literature [14, [16] [17] [18] 21] for some other countries with similar electricity profiles (see Figure S1 ). It can be seen that most of the impacts are within the range. However, EP (860 mg PO 4 3-eq./kWh) and MAETP (1,000 kg DCB eq./kWh) are above the median literature values (534 mg PO 4 3-eq. and 590 kg DCB eq., respectively). This is due to these two impacts being caused mainly by coal (>92%; Figure 5 ) and its contribution to the electricity mix in Chile is higher (41%) than in the selected countries (17% on average). Furthermore, ADP (36 µg Sb eq./kWh) is below the literature median value (67 µg Sb eq.). The ADP is associated with solar and oil power, which contribute only 4.6% to electricity in Chile, while their median contribution in the other countries considered is 8%. Besides, coal has an ADP of 33 µg Sb eq./kWh, which is in the lower range of the values found in the literature (see section 3.1.10) and the hydropower options have a high contribution to the mix and very low ADP (5-6 µg Sb eq./kWh). Finally, the ODP in Chile (11 µg R11 eq.) is also below the literature median (25 µg R11 eq.) because natural gas and solar PV in the other countries have higher ODP due to the distribution of natural gas through pipelines and a lower solar irradiation, respectively. [All impacts expressed per kWh of electricity generated. Literature data: [14, [16] [17] [18] 21] . Some impacts have been scaled to fit on the scale. To obtain the original values, multiply by the factor shown on the x-axis.]
Uncertainty analysis
The analysis so far has been based on the average values of around 140 LCA parameters obtained from power plants and grouped according to technology and source of energy. Each parameter considered represents a mean value in its group, estimated using normal distribution. An uncertainty analysis has been carried out using Monte Carlo (MC) simulations to test the reliability of the results based on the mean values of the parameters. For these purposes, the parameters have been varied in MC within their standard deviations (SD), estimated using the aforementioned normal distribution. As it would be impractical to consider all the parameters, first a sensitivity analysis has been carried out to identify those that are likely to contribute to the uncertainty the most. The sensitivity analysis has been carried for over 30 parameters, which have been selected based on their contribution to one or more impacts. The results indicate that only four parameters have a significant influence on the results. These have then been varied within their SD ranges in 10,000 MC iterations with 90% confidence intervals, as follows:
 efficiency of coal power plants: SD = ±7.9%;  SO 2 emissions from coal plants: SD = ±3.7%;  efficiency of combined cycle oil power plants: SD = ±6.9%; and  capacity factor of solar PV: SD = ±30%.
The results of the MC simulations are given in Figure 6 and Figure 7 . The box plots in these figures represent the interquartile ranges and the whisker bars are the dispersion ranges between the 10 th and 90 th percentile. It can be seen that all the impacts except ADP deviate from their median value by ≤ 11%, with the ADP deviating by 14%. The latter is due to the high contribution of solar PV and oil power to the depletion of resources (see section 3.1.3) and their variations in the capacity factor (PV) and the efficiency of power plants (oil). The next highest variation is found for AP, MAETP and FAETP (11%) which is mostly associated with the variation in the efficiency of coal power plants. Therefore, the results can be considered robust over the range of values of key parameters. Figure 8 , all the impacts but ODP increased by 1.6-2.7 times from 2004 to 2014; GWP doubled. This is much higher than the increase in electricity generation of 44% over the period. The increase in the impacts is due to the growing share of coal in the electricity mix over the period (Table 8) , which is also reflected in the increasing contribution of coal to the overall impacts. In 2014, it contributed more than 70% to the majority of impacts, with the exceptions of ADP (38%) and ODP (57%). (Table 8 ) and being the second major contributor (after coal) to all the impacts in that year. However, electricity generation from oil has been declining since and in 2014 it contributed only 3.9%, in consequence reducing its relative contribution to the impacts. By contrast, the contribution of natural gas is only notable for GWP and ADP fossil , especially in 2004, when 36% of the electricity was generated from gas, compared to 14.3% in 2014.
Temporal evolution of impacts As indicated in
Despite hydropower historically having a high share in the electricity mix (34%-43.5%), its contribution to the impacts over time has been negligible. The contribution of the other renewables is also negligible -while in the previous years, this was due to their minute share in the mix (<2% of biomass), this grew to a cumulative supply of 7% of electricity in 2014.
The renewables only have a significant contribution to ADP, mainly due to solar PV (see section 3.1.3). 
Conclusions and recommendations
This paper has presented the first comprehensive evaluation of the life cycle environmental sustainability of electricity generation in Chile. Eleven environmental impacts have been estimated, considering 174 power plants installed across the country. The results reveal that coal is the worst option for eight impacts while hydropower is the best alternative for all the categories, with run-of-river being slightly better than reservoirs. Biogas and wind follow hydropower closely. However, natural gas has lower impacts than biomass, wind and solar PV for several categories. Biomass power has at least twice the human toxicity and 12 times greater potential for creation of photochemical oxidants compared with the nearest renewable option and has similar values to fossil fuel options. Solar PV has the highest resources depletion, six times larger than the closest option, and the second largest marine aquatic ecotoxicity.
Coal power is the worst option for global warming, eutrophication and ecotoxicity and also has high values for depletion of fossil fuels, photochemical oxidants and acidification. Its ozone depletion is high due to the use of petroleum coke as a secondary fuel. On the other hand, ozone depletion for natural gas is low because the gas is supplied in a liquefied form, avoiding the use of long-distance pipelines.
The most impacting life cycle stages are fuel production and power plant operation, each contributing on average 40% to the total impacts of fossil-based, biogas and biomass options. For the rest of the renewables, power plant construction is the most significant stage with an average contribution of around 90%. The significant contribution of coal in Chile's electricity mix (41%) is the reason for its high contribution to the impacts, causing more than 88% of human toxicity, ecotoxicities, eutrophication and acidification. Additionally, although solar PV contributes less than 1% to the electricity mix, it is responsible for 23% of the depletion of elements per unit of electricity generated.
The environmental sustainability of the electricity supply in Chile has worsened over the past 10 years. Although the electricity demand grew by 44% over the period, the annual impacts increased by 1.6-2.7 times. The only exception is ozone depletion which in 2014 was 12.5% lower than ten years before.
Based on the results of this work, the following improvements could be pursued to improve the environmental sustainability of the electricity system in Chile. In the short term:  To reduce the impacts from coal electricity, the efficiency of power plants should be increased.  The efficiency of biomass plants should also be improved, along with using lowemissions machinery and vehicles.  Legislation for fossil-fuel and biomass plants should be tightened to reduce emissions of SO 2 , NO x , polycyclic aromatic hydrocarbons and hydrogen fluoride as well as to stipulate safe disposal of ash.  Oil electricity currently used for peak loads should be replaced by a cleaner alternative, such as natural gas.  The use of petcoke should be phased out.
In the medium to long term, the following should be considered:  The share of renewables in the electricity supply should be ramped up while coal and oil should be phased out. In particular, hydropower, wind and biogas should be prioritised, Other emerging options, such as geothermal, should also be investigated. Any negative social impacts from these technologies should be minimised.  Multi-crystalline solar PV depletes a significant amount of scarce materials. Hence, other solar alternatives should be considered, such as thin-film PV cells and concentrating solar power. The commercialisation of advanced PV panel recycling techniques should also be prioritised.  Implementation of carbon capture and storage systems should be evaluated for both fossil and biomass options to mitigate carbon emissions.
Finally, future research should focus on the economic and social sustainability of the current electricity system as well as on the evaluation of the above-mentioned improvement options to ensure the sustainable development of the future electricity sector in Chile.
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Appendix A. Supplementary data
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